BACKGROUND AND PURPOSE: Functional brain mapping is an important technique for neurosurgical planning, particularly for patients with tumors or epilepsy; however, mapping has traditionally involved invasive techniques. Existing noninvasive techniques require patient compliance and may not be suitable for young children. We performed a retrospective review of our experience with passive-motion functional MR imaging in anesthetized patients to determine the diagnostic yield of this technique.
T
he criterion standard for presurgical brain mapping has typically been intraoperative cortical stimulation mapping and the Wada test. [1] [2] [3] [4] Both methods are invasive procedures, and their efficacy and superiority over other mapping procedures have become less clear with advances in noninvasive brain-mapping techniques, [4] [5] [6] [7] [8] [9] [10] [11] [12] with some studies showing that these alternative methods are comparable to stand-alone and/or adjunct techniques. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Blood oxygen level-dependent functional MR imaging is an increasingly used imaging technique in the clinical setting. Since the early 1990s, it has been used to study brain function in healthy individuals and particularly for surgical planning in patients with brain tumors or epilepsy. 2, 4, 17, [19] [20] [21] [22] This imaging technique maps areas of cortical activation via changes in blood flow to metabolically active brain regions during cortical activation, typically secondary to specific motor, language, and visual tasks. fMRI provides a number of benefits: it is noninvasive, it is a useful tool for presurgical evaluation for invasive procedures that involve high risk, 2, 4, 17, 19, 20, 23, 24 and it can also assess the current function of patients with brain lesions or previous brain surgery. 20 , 25 Clinically, it is performed as a task-based technique that requires the patient to cooperate and keep all other body movements to a minimum. Incomplete compliance limits the utility of this technology and introduces risk for spurious results. Compliance with the tasks and remaining still is a particular concern in young children and patients with developmental or acquired cognitive deficits. 26, 27 Even children who can perform the task during training sessions may not be able to comply in the MR imaging scanner. 27 A strategy that allows this information to be obtained from subjects who are unable to cooperate is to perform a similar fMRI task under sedation. fMRI of sedated patients performed with passive motion of the extremities has been successful in some reports. 15, 23, 24, 28, 29 The goal is to map the motor cortex while removing the need for task compliance and reducing or eliminating concerns for patient motion. 23, 24, 28 We performed a retrospective review of our institution's 2.5-year experience with passive-motion fMRI to assess the feasibility and reliability of this imaging technique.
MATERIALS AND METHODS
This Health Insurance Portability and Accountability Actcompliant retrospective review was performed after institutional review board approval. We performed a retrospective chart review of all functional MR imaging scans performed at a single pediatric academic medical center over a consecutive 2.5-year period (August 2012 to December 2014), representing the first 2.5 years of a passive-motion fMRI program in which a particular acquisition technique and processing software were used.
Functional MR Imaging
Functional MR imaging was performed on a 3T MR imaging scanner (HDxt; GE Healthcare, Milwaukee, Wisconsin) by using an 8-channel head coil. Blood oxygen level-dependent fMRI was acquired by using an echo-planar imaging sequence performed with a TR of 3000 ms. Eighty-three EPI acquisitions were performed for each functional paradigm for a scan time of 4 minutes 9 seconds. The initial 3 sets of images, acquired during the first 9 s, were discarded, and the subsequent 80 EPI acquisitions were analyzed. A block design was used for functional tasks, with 15-s alternations between the tasks and rest encompassing 5 TR intervals. For the passive-motion functional MR imaging, the neuroradiologist was in the scanner room and, during the acquisitions, performed passive motion of the hand/wrist or the foot/ankle of the patients. Passive motion was performed at a rate of approximately 1.5-2 Hz. Care was taken to isolate the induced movement only to the area of interest. During rest, the neuroradiologist maintained a stable grasp of the extremity under examination in an attempt to attenuate or eliminate somatosensory cortical activation. All blood oxygen level-dependent functional MR images were acquired with conventional structural imaging, including a volumetric axially acquired fast-spoiled gradient-recalled sequence with 1-mm isotropic resolution and axially acquired diffusion tensor imaging with either 15 or 25 noncolinear directions of encoding.
Paradigm delivery, including timing cues for the neuroradiologist who performed passive motions, was controlled by using the Esys-fMRI system (Invivo, Pewaukee, Winconsin). fMRI data were processed by using an FDA-approved software package (DynaSuite Neuro 3.0; Invivo) and using the clinical experience and judgment of the neuroradiologist to guide thresholding and coregistration.
All passive functional motions were performed by a fellowship-trained neuroradiologist (A.F.C., M.T.W., or A.S.). For passive motions, the examiner flexed and extended the patient's wrists and ankles. All images were processed and analyzed by 1 of 2 fellowship-trained neuroradiologists with an American Board of Radiology subspecialty certificate in neuroradiology and with additional training and clinical experience with functional MR imaging (A.F.C. or M.T.W.). The functional maps were evaluated while overlaid on fast-spoiled gradient-recalled images.
Evaluation of the functional activation and localization for this retrospective review was performed by review of the clinical reports and images from the functional MR imaging studies. Images from all the studies were evaluated retrospectively by a neuroradiologist to confirm the presence or absence of structural abnormalities that may have been associated with absent or ectopic cortical activation.
Sedation for fMRI
All sedation was supervised by pediatric anesthesiologists. The default sedation protocol involved general anesthesia with intravenous propofol administered at the lowest dose to keep the patient asleep after induction. Information regarding anesthesia, including the medications used for induction and maintenance, was recorded in the medical record.
Statistical Analysis
Data were collected in a spreadsheet (Excel version 14.4.2; Microsoft, Redmond, Washington) and analyzed by using SPSS version 21 (IBM, Aramonk, New York). Continuous variables were compared with a Student t test, and discrete variables were compared with the Fisher exact test. A P value of Ͻ .05 was considered significant.
RESULTS
We identified 62 fMRI studies with passive motion performed on 56 anesthetized patients in the study time period (28 male, 28 female). The average (Ϯ standard deviation) age at the time of study was 8.80 Ϯ 7.47 years (range, 0.54 to 41.85 years; median, 7.6 years). No MR imaging-related complications were identified.
Of these 56 patients, 53 (95%) underwent passive-motion fMRI because of seizures, and 3 had additional indications for passive-motion fMRI being a recurrent supratentorial ependymoma without report of seizure (n ϭ 1), gait abnormality (n ϭ 1), and worsening headache (n ϭ 1). Of the 53 patients with seizure, 5 had tuberous sclerosis complex, 4 had a history of a tumor, 1 had hemimegalencephaly, 1 had Rasmussen encephalitis, and 1 had febrile infection-related epilepsy syndrome. Of the 4 patients with seizure and history of a tumor, 3 passive-motion fMRI scans were performed to evaluate postresection seizures. One patient had a new-onset seizure and a left medial frontal tumor, and fMRI was performed for surgical planning.
Passive motion of the upper extremities was performed in 61 (98%) of the studies. Passive motion of the lower extremities was performed in 60 (97%) of the studies; in 47 (78%) of them, the lower-extremity passive movement was performed simultaneously for each side, and in 13 (22%) of them, the lower-extremity passive motor movement was performed simultaneously.
Of the 119 iterations of upper-extremity passive motion, cortical activation was identified reliably 105 times (88%; P ϭ .33 versus upper extremity). Of these activations, 90 (86%) were in an orthotopic location in the midportion of the precentral gyrus of the contralateral hemisphere. Three (2.5%) iterations were in an ectopic location in the contralateral hemisphere, and 9 (7.6%) were in an ectopic location in the ipsilateral hemisphere. Of the 119 iterations, there were no significant cortical activations in 14 (11.8%).
Of the 118 iterations of lower-extremity passive motion, cortical activation was identified 86 (73%) times. Of these, 82 (94.5%) were in an orthotopic location in the superior portion of the precentral gyrus of the contralateral hemisphere, 1 (1.2%) was in an ectopic location in the contralateral hemisphere, and 3 (3.5%) were in an ectopic location in the ipsilateral hemisphere (Fig 1) . Of the 13 iterations of bilateral lowerextremity passive motion, cortical activation was identified 9 (69.2%) times in an orthotopic location in the superior portion of the precentral gyrus bilaterally. In the other 4 (30.8%) iterations, there was no significant cortical activation. Of the 105 iterations in which lower-extremity passive motion was performed separately, there were 66 (62.9%) times at which cortical activation was seen in an orthotopic location. One patient underwent passive motion for simultaneous evaluation of both lower extremities and isolated evaluation of the right lower extremity, with concordant identification of right lowerextremity cortical activation on the 2 paradigms. There were 4 (3.8%) activations in ectopic locations. In the other 28 (23.7%) of 118 iterations in which lower-extremity passive motion was performed separately, there was no significant cortical activation. Of the 118 total iterations of lowerextremity motion, there was no significant cortical activation in 32 (27.1%).
The average age of the patients in whom no cortical activation was demonstrated in at least one upper extremity was 6.2 Ϯ 2.8 years (range, 1.94 -11.27 years; median, 6.51 years [n ϭ 11]), and the average age was 9.4 Ϯ 8.0 years (range, 0.54 -41.85 years; median, 8.11 years [n ϭ 51]) for patients in whom the scans revealed bilateral cortical activation (P ϭ .21). The average age of the patients in whom no cortical activation was demonstrated in at least one lower extremity was 8.11 Ϯ 8.68 years (range, 0.65-41.85 years; median, 6.49 years [n ϭ 24]), and it was 9.2 Ϯ 6.7 years (range, 0.54 -30.4 years; median, 8.49 years [n ϭ 38]) for patients in whom there was bilateral lower-extremity cortical activation (P ϭ .56).
There were 4 instances in which cortical activation was identified in the left upper extremity, but there was no significant cortical activation in the right upper extremity. In all 4 cases, there were parenchymal abnormalities in the left hemisphere in the expected location of right upper-extremity motion. These abnormalities included leftsided Rasmussen encephalitis, previous left-greater-than-right watershed ischemic injury, bilateral periventricular leukomalacia and porencephalic cysts, and tuberous sclerosis complex with left precentral gyrus dysplasia.
Patients with 2 Passive-Motion fMRI Scans
For 6 patients, passive-motion fMRI was performed on 2 separate occasions; 2 of these patients had tuberous sclerosis complex, 2 had refractory seizures, 1 had febrile infection-related epilepsy syndrome, and 1 had hemimegalencephaly and a history of functional hemispherectomy.
The scans were performed on the first patient with tuberous sclerosis complex 5 months apart, at 1.9 and 2.4 years of age. The initial study showed an orthotopic location for the right lower extremity, the left upper extremity, and the left lower extremity but did not identify right upper-extremity motor activation. The follow-up study revealed orthotopic motor cortex activation of all 4 extremities.
The scans of the second patient with tuberous sclerosis complex were performed at 0.5 and 1.5 years of age, before and after topectomy for an epileptogenic tuber. The initial and follow-up studies revealed orthotopic localization of all 4 extremities.
Two scans were performed on the patient with febrile infection-related epilepsy syndrome at 3-month intervals (at ages 1.4 and 1.6 years), during which time there was a progression of global parenchymal volume loss (Fig 2) . The initial study was performed 6 weeks after the onset of symptoms. The initial and follow-up studies revealed orthotopic localization of all 4 extremities.
The patient with left-sided hemimegalencephaly had passivemotion fMRI scans at 1.7 and 3.1 years of age, and both scans showed orthotopic activation for the left upper and lower extremities and ipsilateral ectopic activation for the right upper and lower extremities.
One patient with refractory seizures had studies performed at 11.3 and 12.1 years of age. The first study showed orthotopic left lower-extremity activation and no significant activation on the other extremities. The second study showed orthotopic activation for the right and left upper and lower extremities.
The patient with refractory seizures had studies performed at 7.6 and 9.3 years of age, and both studies showed orthotopic activation for the right and left upper and lower extremities.
Anesthesia
Of 62 scans, 57 were performed with propofol as the anesthetic agent for induction and maintenance. Propofol and sevoflurane were used in 4 scans. One scan was performed with only sevoflurane. Cortical activation was identified in 179 of 217 (82.4%) limbs evaluated in patients who received propofol anesthesia. Cortical activation was identified in 12 of 20 (60%) limbs of the patients who received either propofol and sevoflurane or sevoflurane only (P ϭ .46 versus propofol alone).
Surgical Follow-Up
Twelve patients underwent 15 surgical procedures after the passive-motion fMRI, including 3 tumor resections, 3 tuberectomies for tuberous sclerosis complex, 3 temporal lobectomies, 3 corpus callosotomies, 2 topectomies, and 1 frontal lobectomy. Two patients had more than 1 surgery. One patient with seizures that arose from right frontal encephalomalacia underwent a topectomy. There was incomplete seizure control, and after a second passive-motion fMRI, the patient underwent a right frontal lobectomy, which resulted in the patient being seizure free at the 2-month follow-up. One patient with tuberous sclerosis complex underwent 3 separate topectomies and had an fMRI before a right angular gyrus tuber resection, which resulted in 3 months of being seizure free. After a second passive-motion fMRI, the patient underwent a left frontopolar tuber resection, which resulted in 6 months of being seizure free. The patient subsequently underwent a left superior parietal lobule tuber resection and was seizure free for 6 months.
DISCUSSION
Functional MR imaging has been shown to be useful in presurgical planning because of its accuracy in localizing areas of cortical activation. It has aided neurosurgical planning by identifying eloquent cortex and its relationship to lesions that require resection. 2, 4, 17, 19, 20, 23, 24 Early reports on passive-motion fMRI suggested using the known benefits of fMRI in uncooperative or very young patients. 23, 24 Additional studies have shown the activation with passive movement to correspond to the location of volitional movement. 30 To our knowledge, this study involves the largest population in the existing literature on this subject. In addition, we demonstrated the ability to use passive-motion fMRI 13 times in patients younger than 2 years, the youngest of whom was 6 months of age. One difference between passive and awake techniques is that awake patients can often trigger robust responses in not only the motor strip corresponding to upper-and lower-extremity movements but also the supplementary motor area. Similar activation in the supplementary motor area has been reported with active versus passive range-of-motion studies by using PET scans. 31, 32 Additional studies may include facial stimulation in the passive range-of-motion paradigm. An absence of cortical activation in right upper-extremity passive motion was seen in patients with a younger mean age than those in whom cortical activation was identified, suggesting that a young age could limit the success of passive-motion mapping. However, on an individual patient basis, passive motion was successful in a patient as young as 6 months old.
The most common fMRI indication in our group was intractable epilepsy in children who were being evaluated for all treat -FIG 2. A, Axial fast-spoiled gradient-recalled image in a 1.4-year-old boy 6 weeks after initial presentation for febrile infection-related epilepsy syndrome. There was orthotopic localization of cortical activation from right (yellow) and left (red) upper-extremity passive movement. B, Axial fast-spoiled gradient-recalled image of the same patient at 1.6 years of age shows reidentification of orthotopic cortical activation from right (yellow) and left (red) upper-extremity passive movement in the setting of progressive parenchymal volume loss. ment options, including epilepsy surgery. The identification of motor cortex helps in the planning of any surgical procedure and when discussing the risks and benefits of surgery (combined with all of the other diagnostic test data, such as video-EEG, magnetoencephalography, transcranial magnetic stimulation, etc) with the parents. This information would help the clinicians and the family make the best decision about where surgery was ranked in the hierarchy of treatment options for their child.
One patient with a history of left functional hemispherectomy performed at 8 years of age for seizures related to posttraumatic encephalomalacia (Fig 1) showed evidence of remapping in the remaining hemisphere on an fMRI performed at 16 years of age. Passive motion of the right lower extremity revealed cortical activation within the right hemisphere. Similar results have been seen before. In a study in which passive-motion fMRI was performed on 8 patients who had undergone hemispherectomy, 2 patients were found to have undergone cortical remapping. 33 Passive movement of the hand showed cortical activation in the ipsilateral hemisphere, a location similar to that for the contralateral hand.
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Imaging of another patient with a history of febrile infection-related epilepsy syndrome (Fig 2) revealed orthotopic cortical activation of all 4 extremities 6 weeks after initial presentation. Although follow-up imaging at 1.6 years of age showed significant cerebral atrophy, there was orthotopic localization of all 4 extremities. This case provides an example of fMRI demonstrating consistently accurate results despite progressive destruction of brain parenchyma. The utility of fMRI in structurally abnormal brains has also been discussed elsewhere.
20, 25 We did not have any patients who underwent passive-motion fMRI and later underwent awake fMRI, so we could not evaluate the concordance of the findings. There was a nonstatistical trend toward lower success in patients who did not have isolated propofol as the means of anesthesia, which corresponds with previous reports of sevoflurane being associated with lower success on passive-motion fMRI tasks. 34 Passive motion of the lower extremities was successful less often than that of the upper extremities; however, this difference was not statistically significant. Limitations in this study include our inability to confirm that the cortical activation was truly related to the specific function tested. Work has been done to compare invasive procedures such as intraoperative cortical stimulation mapping and the Wada test with other noninvasive modalities, including fMRI, magnetoencephalography, and transcranial magnetic stimulation.
19, [35] [36] [37] [38] Other authors have used fMRI as the template to guide confirmatory intraoperative mapping 2,9-11,17,39; however, this was not feasible in this retrospective study. Because fMRI postprocessing is a computationally intensive process, results on the success of a paradigm are not known until after the anesthesia-based procedure is complete, which prevents the duplication of paradigms with spurious results or without appreciable cortical activation. In addition, it is not currently possible to separate motor cortical activation from sensory activation. Although this may not be a limiting factor for orthotopic perirolandic cortical activation, in which posterior extension is felt to be related to sensory activation, ectopic results may be more difficult to interpret. Passive facial motion and/or sensory paradigms have been measured with limited success in other studies; however, it was not evaluated in our patient population. 24 Manual passive motion was performed in this study, but other studies have shown a pneumatically driven device to perform more reproducible passive movements. 24, 40 Blood oxygen level-dependent fMRI has some benefits compared with the criterion standard, intraoperative cortical stimulation; it is noninvasive, it has superior spatial resolution, and it is not limited by the extent of craniotomy exposure. 2, 41 Passivemotion fMRI does share one similarity with intraoperative cortical stimulation in that results may be affected by depth of sedation. 17 Compared with other noninvasive techniques such as electroencephalography and magnetoencephalography, blood oxygen level-dependent fMRI has a lower temporal resolution but a higher spatial resolution. Blood oxygen level-dependent fMRI depends on blood flow, and hemodynamic changes that follow neuronal activation are not identical in all patients. In addition, metabolically active brain tumors may lead to the incorrect impression of absence of cortical activation because of blood flow being redirected by the high oxygen demand of the tumor, a process known as neurovascular uncoupling. 2, 42, 43 Studies have shown, however, that blood oxygen level-dependent fMRI is still a relatively reliable tool for cortical mapping, even in patients with brain tumors. 2, 4, 17, [19] [20] [21] Our study shows that passive-motion fMRI can localize upper-extremity motor cortex reliably and in most cases can identify lower-extremity motor cortex. This technique can be applied at any institution that performs task-based fMRI. Awareness of this technique can enable functional mapping to help guide treatment planning in young children with tumors and lesion-based epilepsy. In fact, fMRI performed without adjunct intraoperative cortical stimulation in awake patients has already been shown to enable neurosurgeons to be more aggressive in resection and to shorten time in the operating room, 21 and no long-term neurologic deficits were observed in a study that involved 22 patients in whom fMRI was performed in adjunct with intraoperative cortical stimulation; in that study, there was an extremely high level of concordance between fMRI and intraoperative cortical stimulation mapping.
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CONCLUSIONS
Passive-motion fMRI is an effective tool for noninvasive motor mapping in patients who are too young or otherwise unable to comply with traditional noninvasive mapping, possibly providing a safer alternative (or adjunct) to intraoperative monitoring.
